Abstract Parasitic and eccentric cones on the flanks and at the base of Somma-Vesuvius potentially provide information on the plumbing system of the complex. We present geochemical data for minerals, glasses and rocks from the Pollena and Cercola cones. The rocks are phonotephrites and a basaltic trachyandesite. A volumetrically dominant type contains phenocrysts of olivine, clinopyroxene, leucite, plagioclase±apatite±Fe-Ti-oxides. A second type is phlogopite-phyric. Low magnesium-numbers (62-49) and Ni abundances (≤32 ppm) indicate that the primary magmas underwent crustal-level fractionation but the cores of olivine and clinopyroxene phenocrysts carry records of the parental magmas. Geochemical data indicate that the rocks form more than one magmatic lineage. Matrix glasses point to low-pressure fractionation trends towards decreasing melt silica-undersaturation. The phlogopitephyric rocks were derived from more hydrous magmas than those lacking phlogopite phenocrysts, perhaps at higher pressures. Phenocryst assemblages are difficult to reconcile with published experimental work and it is likely that they are far from equilibrium assemblages. The cone magmas were probably derived from high levels within the main plumbing system via lateral transport.
Introduction
Despite being arguably the most intensively studied volcanic complex in the world, many aspects of the evolution of Somma-Vesuvius remain enigmatic. For example, it is not known in detail whether the volcano's plumbing system involves a single, high-level or deeper-level reservoir, or is a long narrow vertical chamber with several potential small reservoirs (Belkin et al. 1985; Lima et al. 2003) . It is uncertain how long-lived these reservoirs might be or how persistent they may be in time and space. Yet this information is critical to understanding and predicting the volcano's behaviour. Here we explore the information available from a series of small centres on the flanks of the complex. The cones occur up to 10 km from the centre of the Somma caldera and thus are very unlikely to underlie directly any part of the plumbing system as currently modelled geophysically and petrologically. It seems possible, therefore, that they hold a record of the primary magmas feeding Vesuvius and of the history of magmatic evolution in the deeper parts of the system. The petrology and geochemistry of the cones have the potential to help characterize the transition from the stratovolcano-building phase (39-25 ka; Santacroce 1987) . Our specific aims are to (i) list the occurrences of the cones; (ii) provide new mineral chemical and geochemical data for them. Rocks of this age have not been characterized in detail because they are usually covered in the field by younger deposits (Santacroce and Sbrana 2003; Piochi et al. 2006; De Vivo et al. 2010) ; (iii) to outline the P-T-fO 2 conditions under which the magmas evolved on the basis of petrological information and published phase equilibrium studies; and (iv) to Editorial handling: L. Nasdala Electronic supplementary material The online version of this article (doi:10.1007/s00710-015-0410-6) contains supplementary material, which is available to authorized users. assess the significance of the new data for the plumbing system of Somma-Vesuvius.
General geology
The Somma-Vesuvius volcanic complex is located at the south-west margin of the Campanian Plain which is a downfaulted, graben-like structure, filled with Quaternary pyroclastic deposits and bordered on the east sector by the Mesozoic Apennine carbonate platform (Ippolito et al. 1975; Schettino and Turco 2006) . The subsidence was controlled by a fault system with Plio-Pleistocene NE-SW and NW-SE trends. Since early Somma lava flows were emplaced above the 39 ka Campanian Ignimbrite (Brocchini et al. 2001) , and the first plinian eruption of Codola at~33 ka (Giaccio et al. 2008) , we assume that the Somma volcano was built up, to a height of more than 2000 m, in the age range 39-25 ka (Cioni et al. 1999; Santacroce et al. 2008) . The flanks of this volcano are known to contain sets of aligned parasitic cones at different altitudes, possibly derived from a lateral branch of the main eruptive conduit (Santacroce and Sbrana 2003) . Small centres termed eccentric cones are formed at the base of the volcano. The cones are aligned parallel to the two regional stress directions. Other minor centres appear, however, to have been controlled by local stress conditions (e.g., Acocella et al. 2006) .
One alignment of eruptive vents extends on the northern flank of Somma between the towns of Volla and Pollena ( Fig. 1) and consists of an eccentric volcanic vent at Cercola and the Pollena parasitic cones. These bodies were formed during the final stages of Somma growth along fractures associated with the main conduit (the Pollena parasitic cones on the north side of Somma), or along fractures associated with a branch point which is a new eruptive conduit system (the Cercola eccentric cone). The Pollena cones point to flank activity on Somma during its growth between 250 and 300 m asl. The volcanic activity comprised weak explosions accompanied by effusive activity in the intermediate and closing phases. The Cercola cone is largely buried beneath more recent pyroclastic eruptions and alluvial deposits. Its volcanic nature is similar to the Pollena edifices, but it is larger. From stratigraphic relationships, it has been deduced that the age of these two groups of volcanic structures is certainly older than 20,000 years and thus overlaps the period of construction of the Somma stratovolcano (39-25 ka). A second group of cones extends from that at Camaldoli della Torre at Torre del Greco, to the system of cones present on the eastern slopes of Somma, at Ottaviano (Fig. 1) . The Camaldoli della Torre cone is located on the southern side of the Somma structure, at an altitude of~150-200 m asl. Its original structure is preserved only on its north-eastern side, on which the Camaldoli monastery is located. The age of this centre is rather recent, being covered by the products of the AD79 eruption. It was probably built during the interplinian phase of the protohistoric period Di Renzo et al. 2007 ). This vent is aligned with a small contemporaneous vent close to the coast near Ponte Rivieccio at Torre del Greco.
Cercola
The small Viulo and Fossa Monaca eruptive cones, belonging to the mediaeval interplinian phase when the Vesuvius cone was being constructed (AD 472-1139) , are located on the southern slope of Somma. Eccentric vents of the recent-historical interplinian phase are aligned on a fracture associated with the paroxysmal effusive phase of the 1760 eruption, and on those opened up on the southern slope of Vesuvius during the paroxysmal phase of 1906, between 700 and 800 m asl. Noteworthy also is the eccentric activity identified in the domes of BColle Margherita^in 1895 (partly buried by the lava eruption of 1944), and BColle Umberto^in 1898, both belonging to the same Vesuvian cycle of 1872-1906.
Samples and analytical methods
This study has focussed on the Cercola eccentric cone and on the Pollena parasitic cones, which are well exposed in the Pollena quarry. Lava and scoria samples were taken from three Pollena cones; details of sampling sites are given in the Appendix. We have also used a sample from the Cercola cone, which is well defined in its shape but poorly exposed, being known only from boreholes. Phenocryst and matrix glass analyses were made using a CAMECA SX100 electron microprobe at the Inter-Institute Analytical Complex for Minerals and Synthetic Substances of Warsaw University in wavelength dispersive mode. Accelerating voltage was 15 keV, beam current 20 nA and beam diameter 1-20 μm. The counting time for most elements was 20 s at peak and 10 s at background. Sodium was analysed first, with a beam current close to 10 nA and a broader beam diameter (up to 20 μm). Natural minerals and synthetic multicomponent materials were used as calibration standards: albite (Na), orthoclase (K, Al), diopside (Si, Mg), wollastonite (Ca), rhodonite (Mn), barite (Ba), chromite (Cr), rutile (Ti), hematite (Fe), synthetic NiO (Ni), tugtupite (Cl), and synthetic V 2 O 5 (V). Apatite was analysed using the conditions outlined in Macdonald et al. (2013) . Corrections for atomic number, absorption and fluorescence were accomplished using the PAP procedure (Pouchou and Pichoir 1991) . Detection limits for most major elements were close to 0.01 wt.%, except for Ti and Mn where the limits varied in the range 0.02-0.04 wt.%. Representative mineral and glass analyses are presented in Tables 2, 3 , 4, 5, and 7. The full data set may be found in Supplementary Tables 1-5. Whole-rock analyses (Table 6 ) were made at ACME Analytical Laboratories Ltd, Canada. Major elements (and Cr) were determined by ICP-ES and trace elements by ICP-MS. Mean detection limits of major elements were close to 0.1 wt.% and for the trace elements from 0.01 to 0.1 ppm.
Petrography
Two types can be distinguished petrographically (Table 1) . The dominant type (all from the Pollena cones) has the phenocryst assemblage olivine (ol) -clinopyroxene (cpx) -leucite (lct) -plagioclase (pl)±apatite (ap)±Fe-Ti-oxides (ox). The second type contains phlogopite (phl) phenocrysts, along with ol+cpx+ox±pl±lct+ap.
Type 1 samples are vesicular, with up to 20 % vesicles in the lavas and 70 % in the scoria. Modal phenocryst abundances are up to 30 %, with clinopyroxene the dominant phase. There is a notable tendency for the phenocrysts to cluster, in either monomineralic or polymineralic aggregates. Clinopyroxene phenocrysts are pale brown, euhedral to subhedral, and up to 4 mm across. Zoning is almost ubiquitous, with normal, reverse, oscillatory and sector forms. As discussed below, some crystals show complex interplays of crystallization and resorption. Inclusions of olivine, leucite, apatite and glass are common, Fe-Tioxide inclusions less common. Olivine occurs mainly as subhedral prisms, ≤1 mm in size, either as discrete crystals or included in clinopyroxene (Fig. 2a) . It forms large, partially resorbed crystals in sample L1e (Fig. 2b) . It occasionally shows oscillatory zoning. Leucite phenocrysts are up to 3 mm across, euhedral to subhedral in form and commonly occurring in clusters. In L1, they are zoned and partially resorbed. Leucite also forms strings of inclusions close to the rims of clinopyroxene phenocrysts, especially in sample L3.
Plagioclase microphenocrysts, ≤1 mm, occur mainly as clusters of laths, often stellate, but also form discrete crystals (Figs. 2c, d ). Some crystals are zoned to lighter rims. Apatite has been identified in six samples (Table 1) TAS, classification in the total alkalis-silica scheme (Le Bas et al. 1986 ). bta, basaltic trachyandesite; pt, phonotephrite. -, not determined. Mg#, magnesium-number=100*(Mg/(Mg+Fe 2+ )). Ol, olivine, cpx, clinopyroxene, lct, leucite, pl, plagioclase, phl, phlogopite, ap, apatite, ox, FeTi-oxides in clinopyroxene. Oxide crystals large enough to be considered microphenocrysts (≤70 μm) or as inclusions in other phenocrysts occur in four, and possibly a fifth, rock. The order of crystallization of the phenocrysts, as deduced from phenocryst assemblages and inclusion relationships, was olivineclinopyroxene -leucite -plagioclase -apatite -oxides. The matrix in Type 1 rocks varies mainly in the proportion of glass to crystals. Glass, from pale to dark brown in colour, occurs (i) as the dominant matrix material, (ii) as interstitial pools in the matrix, (iii) in interstices in phenocryst clusters, and (iv) as inclusions in clinopyroxene and leucite phenocrysts. In sample L3 the glass is completely devitrified. The mineral phases are clinopyroxene, plagioclase, leucite and FeTi-oxides, with minor amounts of phlogopite. An unusual feature in sample Vo1bise comprises coalescing sub-rounded patches, up to~600 μm across, with a symplectite-like texture (Fig. 3a, b) . The example in Fig. 3a contains an intergrowth of a highly magnesian olivine (Fo 97 ; darker) and a more Fe-rich olivine (Fo 76 ; lighter), with three areas of glass charged with Fe-Ti-oxide crystals. The patches are associated with vesicles -note the ring of vesicles in Fig. 3a -and it is possible that the intergrowths formed as quench products during degassing of the host magma. The crystal form of the individual units in the patches may suggest that the patches were originally olivine cumulates, from deeper in the plumbing system.
The phlogopite phenocrysts in Type 2 samples (VX, L2h) occur as elongated red plates, up to 1.1 mm long, in some cases partly to almost completely replaced by opacitic material, presumably formed by water loss during magma ascent (Figs. 3c, d ). Euhedral to subhedral crystals of clinopyroxene up to 2 mm across are complexly zoned (see below). FeTioxides form small equant grains, 0.2-0.3 mm across, either as discrete crystals or included in clinopyroxene. The olivine phenocrysts are less common and smaller (<0.5 mm) than in Type 1 rocks and show variable degrees of resorption. Leucite occurs as microphenocrysts (<0.5 mm) in sample VX and is absent from L2h. Acicular apatite forms common inclusions in clinopyroxene. The intergrowth of the mica with clinopyroxene phenocrysts (Fig.3b) indicates that it appeared early in the crystallization sequence. Matrix glass in sample VX occurs mainly as patchy rims around phenocrysts.
Glass (melt) inclusions in both types occur most commonly in clinopyroxene and leucite phenocrysts, often rimming olivine and plagioclase inclusions. They range in size up to 100 μm and in shape from rounded to elongate to irregular. Partially devitrified examples include feathery crystals of clinopyroxene, bright on BSE images.
Cpx

Mineral compositions Olivine
Representative compositions of olivine phenocrysts are given in Table 2 ; the full data set is in Supplementary (Fig. 2a) and are close to the values ) considered by Marianelli et al. (1995) to represent the olivines from primary tephritic magmas of Vesuvius. Nickel contents are low (NiO ≤0.24 wt.%) and positively correlated with Fo. In contrast, CaO contents are ≤0.45 wt.% and generally increase with decreasing Fo content. The CaO values are relatively high; Pichavant et al. (2014) , for example, reported CaO values up to 0.29 wt.% in experimental olivines from a Vesuvius tephrite and trachybasalt.
Detailed core to rim or rim to rim compositional profiles were made across several crystals (Supplementary Table 1) . With one exception, the maximum range within crystals was Fo 3 . The exception was a slightly rounded crystal in sample L1 where the range is Fo 76-65 but with no systematic variation from core to rim.
Clinopyroxene
Representative compositions of clinopyroxene phenocrysts are given in Table 3 and the full data set in Supplementary Morimoto (1988) (Fig. 4) . Levels of Cr are low (0.37 wt.% Cr 2 O 3 ), except for two values of 0.51 and 0.91 wt.% in the core of a zoned crystal in L1 (Supplementary Table 2 Table 2 ) and show a negative correlation with Mg# and Al, i.e., the most Fe-Al-rich pyroxenes are also the most oxidised, consistent with an increasing ferriTschermak's molecule (Fig. 6 ).
We noted above the complex compositional zoning in the pyroxenes. To provide information on magmatic evolutionary processes, detailed profiles were made across 24 crystals to determine the extent and nature of the zoning (Supplementary  Table 2 ). Four representative examples are described here.
The phenocryst shown in Fig. 7a (L2h) has a magnesian core, dark on the BSE image, with Mg# 86-90. The core has a thin mantle where the Mg# drops sharply to~73, which is then mantled by a brighter, fairly homogeneous zone of the same composition, except for a slight increase in Mg# close to the rim. The partly resorbed core of the phenocryst in Fig. 7b contains a darker component (Mg# 85-81) partly replaced and mantled by a lighter component (Mg#~75), which is in Explanation: 1, 2, core and rim of rounded crystal, sample L1; 3, 4, rim and core of olivine in Fig. 2b Similar variations in the style of zoning may be found within individual samples. The amount of zoning is, however, variable: In samples Vo2f, L1e, L1, L3 and V1, the Mg# varies by 11-13, in Vo1bisb by 5; and in the phlogopitephyric samples L2h and VX by 32-37. However, a general theme is of more magnesian cores being partially replaced by a more Fe-rich phase, with a mantle which is either relatively homogeneous or oscillatory zoned. We interpret this to suggest that relatively Mg-rich, higher-temperature crystals were entrapped in less mafic magmas and partially resorbed and replaced, perhaps via entrapment of a crystal mush, as envisaged by Piochi et al. (2006) . Before resorption was complete, further magma mixing resulted in precipitation of a more Fe-rich pyroxene. The sharp changes in Mg# seen in all the profiles (Fig. 7) are thus ascribed to magma mixing, with inputs of either more or less Fe-rich magma than the host magma. That clinopyroxene phenocrysts hold a record of magma mixing at Vesuvius has previously been proposed by Explanation: 1, 2, core area and rim of phenocryst in Fig. 6a , sample L2h; 3, 4, core and rim of rectangular plate, L2f; 5, 6, core and rim, strongly zoned crystal in Fig. 6d Cioni et al. (1998) , Landi et al. (1999) , Marianelli et al. (1999) and Fulignati et al. (2004) . Pichavant et al. (2014) and in the natural Vesuvius rocks (Fig. 8) . Abundances of BaO vary from 0.63 to 2.08 wt.%, increasing with decreasing Mg#. Cl contents are low, 0.05-0.13 wt.%, whereas F contents range from 0.39 to 3.28 wt.% and do not show any correlation with Mg#. Of particular importance in assessing the role of phlogopite in determining the compositions of residual melts is its strongly silica-undersaturated nature, with CIPW-normative (ne+lct+ ks) contents in the range 41-44 %.
Zoning in the phlogopite is weak. A rim-to-rim profile across the phlogopite shown in Fig. 3d , for example, revealed little compositional variation, Mg# varying from 68 to 70 (Supplementary Table 2c , nos. 12-18). A second crystal has a slightly wider range (63-69; nos. 19-25) . There is no systematic core to rim variation.
Leucite
Analyses of leucite phenocrysts are provided in Supplementary  Table 3a . They are almost pure K end-member, with Na≤0.03 apfu and Ba<0.01 apfu. Calcium and Fe 3+ levels are also low, ≤ 0.11 and<0.02 apfu, respectively. Zoning, where present, is minor; for example, a crystal in sample Vo12f is zoned from K/(K+Na) 0.94-0.98, with a slight increase in the ratio towards the rim. A profile parallel to the edge of a crystal in a leucite in Vo1bisb gave the range 0.94-1.00. Table 2 ≤92.7) occurs in the core of a euhedral octagonal plate in sample L2h, with marked normal zoning to a more sodic rim (An 55 Ab 41 Or 4 ). In other phenocrysts the zonation is more random and reverse, normal and oscillatory zoning occur (Fig. 2c, d ). Where well developed, zoning goes through ternary feldspar to almost pure K-feldspar (Fig. 9 ).
Fe-Ti-oxides
The data set for Fe-Ti-oxides is limited due to the uncertainty as to what constitutes true microphenocrysts; the textural features of analysed phases are given in Supplementary Table 4a .
Two inclusions in a clinopyroxene phenocryst in sample L1 are titanomagnetite, with X usp 51.4 and 31.8, respectively. Various forms of titanomagnetite in sample VX have much lower X usp (2.6-8.7), whereas X usp in L2h is 18.5-26.8. Ilmenite has been found only as lamellae in a titanomagnetite crystal in L2h (X ilm 92).
The absence of Cr spinel is probably due to the low Cr concentrations in the whole-rocks (≤160 ppm). Pichavant et al. (2014) also attributed the lack of spinel in their experiments on Vesuvius rocks to low Cr abundances in their starting materials.
Apatite
Representative apatite analyses are presented in Table 5 and the full data set in Supplementary and the maximum britholite component is~3 % (Fig. 10) .
The highest values occur in both cores and rims, i.e., both normal and reversed zoning are present.
Whole-rock and matrix glass compositions
Major and trace element data are given in Table 6 . In the TAS classification scheme (Le Bas et al. 1986 ), the whole-rocks span the phonotephrite/basaltic trachyandesite boundary. All rocks are nepheline-normative (ne 3-13 %); VX is also leucite-normative (lct 7.4 %). (Fig. 11) . The data for the cones are too scattered to represent a single liquid line of descent, indicating derivation from more than one parental magma and/or data scattering through phenocryst accumulation or depletion Villemant et al. 1993; Piochi et al. 2006) .
Trace element data show the high abundances of strongly incompatible trace elements characteristic of Vesuvius rocks: Table 2 Parasitic cones of Somma-VesuviusBa 1303-2336 ppm, Cs 10.5-20 ppm, Rb 210-314 ppm, Sr 717-1129 ppm, Th 11.9-20.8 ppm and U 3.8-8.7 ppm. The chondrite-normalised REE patterns for all rocks are very similar (Fig. 12) Ayuso et al. (1998) for the same range of MgO contents: Co 23-33 ppm, Cr 14-178 ppm, Ni 7-37 ppm, Sc 6-32 ppm and V 189-232 ppm. With decreasing MgO content, there are decreases in Co, Cr, Ni, Sc and V contents and overall increases in Ba, Cs, Ga, Rb, REE, Y, Sr, Zr, Th, U, Nb and Ta contents.
The question arises: do the rocks containing phlogopite phenocrysts represent different magmatic lineages to those lacking phlogopite phenocrysts? Relatively narrow ranges among trace element ratios indicate close genetic linkages between the rocks (Ayuso et al. 1998 ); e.g., Th/U 2.4-3.3; Ce/Yb 40-47, Zr/Nb 6.0-7.5. For the majority of major and trace elements the position of the phlogopite-phyric samples on the MgO plots is perfectly consistent with their being slightly more evolved members of the same suite as those lacking phlogopite phenocrysts (Fig. 11 ). There are, however, some subtle differences, in particular the slightly higher CaO and Na 2 O values at the same MgO level and the low SiO 2 content in sample VX. These differences will be related below to possible variations in the water content of the magmas. The phlogopite-phyric samples, VX and L2h, have different phenocryst assemblages (Table 1) . They are also different compositionally, in, for example, Na 2 O/K 2 O ratios (0.44 and 0.54, respectively). They represent similar but different magmatic lineages. Joron et al. (1987) and Ayuso et al. (1998) distinguished three groups of rocks at Somma-Vesuvius, characterised by different ages, degree of silica-undersaturation and enrichment in K 2 O. According to Ayuso et al. (1998) , the rocks of the first group consists of slightly silica-undersaturated potassic trachybasalt to trachyte, the second group consists of intermediate silica-undersaturated rocks, and the third group shows strongly undersaturated leucite-bearing rocks. The same, or very similar, trends have been recognised in other studies (Santacroce et al. 1993 (Santacroce et al. , 2008 Marianelli et al. 1995; Pichavant et al. 2014) . The rocks of the eccentric and parasitic cones belong to the first group of Ayuso et al. (1998) .
The range of matrix glass compositions in individual specimens is variable. In samples V1 and V3, for example, the glasses range from basaltic trachyandesitic to phonotephritic, in sample VX the glasses are all phonolitic, whilst in sample Vobis1b the range is from basaltic trachyandesite to tephriphonolite (Table 7; Supplementary Table 5a ). In all Table 4c An Ab Or S a n id in e A n o r th o c la s e Oligoclase Andesine Labradorite A lb it e A n o rt h it e 1100 C o Fig. 9 Composition of plagioclase phenocrysts. Also shown (arrowed) are two analyses of K-rich feldspars forming rims to strongly zoned plagioclase phenocrysts. Solvus curve for 1100°C from Elkins and Grove (1990) . Data from Supplementary Table 3b cases, however, the glasses are less silica-undersaturated than the host rock. Compositional data for melt inclusions (MI) are available for three rocks (Table 7; Supplementary Table 5a ). In sample Vo2f, they are compositionally similar to the host rock, suggesting relatively early entrapment in the phenocrysts. In contrast, the MI in Vo1bisb range from phonotephrite to tephriphonolite, indicating either entrapment over a significant part of the crystallization history or magma mixing.
Chlorine abundances in the matrix glasses of Type 1 rocks range from 0.03 to 0.08 wt.% in sample L1 to 0.23-0.55 wt.% in sample Vo1bis1b (Supplementary Table 5a ). The higher values are broadly similar to those (≤0.58 wt.%) recorded in Vesuvius mafic rocks by Marianelli et al. (1995 Marianelli et al. ( , 1999 , Raia et al. (2000) and Lima et al. (2003) . The matrix glass in sample VX is more Cl-rich (0.42-1.03 wt.%). We have limited data for Cl in melt inclusions (Supplementary Table 5a ), maximum 
Discussion Petrogenesis
Geochemical evidence
The low Mg# and Ni contents preclude any of the rocks from the cones being a primary magma. It is probable that they were derived from tephritic magmas by fractionation of olivine and clinopyroxene, as proposed for rocks of similar composition by Marianelli et al. (1995 Marianelli et al. ( , 1999 Marianelli et al. ( , 2005 , Fulignati et al. (2004) and Pichavant et al. (2014) . The high Mg# cores of some clinopyroxene phenocrysts are residual from that earlier stage of evolution. On the major element v. MgO plots, tephritic melt inclusions are plausible parental magmas to the phonoteprites (Fig. 11) . The compositional evolution of the parental tephrites at Vesuvius is well established (Santacroce et al. 1993 (Santacroce et al. , 2008 Marianelli et al. 1995 Marianelli et al. , 1999 Marianelli et al. , 2005 Fulignati et al. 2004; Pichavant et al. 2014 ) According to Pichavant et al. (2014) , olivine started crystallizing at 1150-1200°C and was joined on the liquidus by clinopyroxene at 1150°C; these temperatures are broadly in agreement with glass inclusion homogenization temperatures determined by Marianelli et al. (1995) and Cioni et al. (1998) . Further melt evolution was dominated by clinopyroxene crystallization, as shown by a decrease in CaO/Al 2 O 3 ratios with decreasing MgO contents (c.f. Marianelli et al. 1995 Marianelli et al. , 2005 Belkin et al. 1998; Raia et al. 2000; Piochi et al. 2006) . Marianelli et al. (1999) found that phonotephrite magmas of the 1944 eruption of Vesuvius evolved by fractionation of the assemblage clinopyroxene+ leucite + plagioclase + rare olivine. The importance of clinopyroxene is consistent with the experimental results of Pichavant et al. (2014) , who showed that more than 35 % clinopyroxene crystallized before the appearance of a second solid phase, especially at lower melt water contents.
The compositional data for the matrix glasses provide a guide to potential lower-pressure fractionation trends (Fig. 11) . With decreases in MgO content from 7 to 3 wt.%, there are decreases in CaO and modest increases in SiO 2 , Al 2 O 3 and Na 2 O; these trends are broadly parallel to those for the experimental glass compositions of Pichavant et al. (2014) and are consistent with the removal of clinopyroxene and olivine. The behaviour of K 2 O is more complex; between 3 and 4 wt.% MgO, K 2 O abundances in the glasses are generally lower than in more magnesian rocks and in the experimental glasses. This may be ascribed either to leucite fractionation and/or to loss of potassium during seondary hydration of the glasses. Iron, TiO 2 and P 2 O 5 show peaked trends, reaching maximum values at MgO values~3 wt.%, where Fe-Ti-oxides and apatite can be assumed to have joined the phenocryst assemblage. At the same point, the SiO 2 trend steepens, also attesting to oxide crystallization. The increase in K 2 O content in the interval 3 to 0 wt.% MgO is consistent with leucite leaving the fractionating assemblage.
Phase equilibrium constraints
Phase equilibrium studies of simplified model systems and of K-rich rocks can provide information on magmatic crystallization trends at Vesuvius and can help to constrain the P-TfO 2 -pH 2 O conditions of crystallization. Discussion here is focussed on a study of model potassic systems by Nag et al. (2007) and on an experimental study of Vesuvius rocks by Pichavant et al. (2014) . Nag et al. (2007) determined the phase relationships in the model system Forsterite-Diopside-Leucite at 0.1 and 2.3 GPa under water-saturated conditions. The phase boundaries are not directly applicable to Vesuvius because the starting materials did not contain Fe, Na and Ti. For instance, at 0.1 GPa (Figs. 13a) , the rocks plot in the olivine primary phase field, despite being olivine-clinopyroxene-leucite-plagioclasephyric. The sequence of phenocryst appearance is, however, consistent with the phase equilibria, as shown by the hypothetical crystallization path depicted as the solid line from initial composition X. Initial olivine formation is followed ) ). pt, phonotephrite; bt, basaltic trachyandesite TAS, classification on total alkalis-silica plot (Le Bas et al. 1986) by olivine+clinopyroxene crystallization along the cotectic until the 5-phase point olivine + clinopyroxene + leucite + melt+vapour is reached at 880°C. Precipitation of all three minerals continues until the temperature drops to~830°C when phlogopite appears (Nag et al. 2007 , Table 1 ). This sequence partially reproduces the phenocryst assemblage in Fig. 11 Major elements (as oxides; wt.%) plotted against MgO for whole-rocks and matrix glasses. The black arrows point to phlogopite-phyric samples. Data from Table 6 and Supplementary Table 5 the Type 1 rocks, but predicts that phlogopite would crystallize before the observed plagioclase. Phlogopite is present in the matrix of Type 1 rocks but clearly postdated the plagioclase. Neither does the sequence fully represent the crystallization path of the phlogopite-phyric phonotephrites, since it places phlogopite too near the solidus (contrast the relationships in Fig. 3c ). As an alternative, let us assume that crystallization of anhydrous phases raised the water content of residual melts sufficiently that a higher pH 2 O is appropriate or that the phlogopite-phyric rocks were derived from parental magmas with higher melt water contents. At 2.3 GPa, leucite is no longer stable and a stability field for phlogopite separates the olivine field from those of sanidine and kalsilite (Fig. 13b) . Ignoring leucite for the moment, we can infer that the Vesuvius magmas evolved along a natural olivine-clinopyroxene cotectic analogous to that in the phase diagram until they reached a point (B) when phlogopite began to form and olivine began to be resorbed. Olivine resorption is consistent with textural evidence in the rocks. When all olivine had disappeared, melts migrated down the clinopyroxene-phlogopite cotectic; they did not, however, reach the lower-temperature reaction point at 990°C, since kalsilite is not a phenocryst phase. Sample VX contains leucite microphenocrysts whilst L2h is plagioclase-phyric (Table 1 ). This may reflect their different Na 2 O/K 2 O ratios, 0.44 and 0.54, respectively.
In summary, the Nag et al. (2007) phase equilibria are compatible with the phenocryst assemblages in the Type 1 rocks having last equilibrated at very low pressures (~0.1 GPa); whereas the phlogopite-phyric magmas appear to record rather higher pressures (~2-3 GPa). Pichavant et al. (2014) conducted experiments on two Vesuvius rocks (a tephrite and a trachybasalt) at high temperatures (1000 to >1200°C), at both low (0.1 MPa) and Table 6 . Normalising factors from Sun and McDonough (1989) Supplementary Table 5a high (50-200 MPa) pressures, and under fluid-absent and fluid-present conditions, where the fluid contained H 2 O and CO 2 . The tephrite is clinopyroxene-leucite-plagioclase-phyric and has a Mg# of 61.5. The trachybasalt contains clinopyroxene-olivine-plagioclase-leucite phenocrysts and has a Mg# of 64.3. Both rocks clearly have analogues in the rocks of the eccentric and parasitic cones (Table 1) . Clinopyroxene was the liquidus phase in all experiments, followed by leucite for melt water contents <3 wt.% and by phlogopite for melt water contents >3 wt.%. These results are broadly comparable to those of Nag et al. (2007) . In contrast, olivine crystallized spontaneously from only one charge and plagioclase was not found at all. This is not consistent with evidence from the cone rocks, where olivine and plagioclase phenocrysts are common members of the Type 1 assemblage. Another contrasting feature with the natural rocks is that no 4-phase (3 solids+melt) assemblage was detected; yet assemblages with 4 and 5 solid phases are present in the rocks (Table 1) .
The absence of an olivine stability field was also found in phase diagrams for rocks of the 1944 Vesuvius eruption determined by Dolfi and Trigila (1978) . An unusual feature of the absence of olivine is that the melt (glass) compositions from the Pichavant et al. (2014) experiments, and the wholerock data of this study, trend across the olivine primary phase field in Fig. 13 , directly away from the diopside apex. Pichavant et al. (2014) cited two possible reasons for the absence of olivine. First, the rocks used in their experiments were not representative of primary magmas and therefore were too evolved to crystallize olivine. Second, assimilation of carbonate wall-rocks had expanded the field of clinopyroxene relative to olivine, such that the parental magmas entered into the clinopyroxene primary phase field. Jolis et al. (2013) demonstrated experimentally that the assimilation can happen on very short time-scales. The textural evidence of olivine resorption in the cones rocks suggests that it was close to its stability limit in magmas with Mg#~60.
The absence of plagioclase in the Pichavant et al. (2014) experiments is apparently at odds with the petrographic evidence of plagioclase phenocrysts (An 87-80 ) in their sample VS96-54A, which has a Mg# of 64. However, glass formed in excess of 50 % of the experimental charges and it might be assumed that plagioclase would have crystallized at lower melt proportions. All the samples in this study, except VX, carry plagioclase phenocrysts (Table 1) but it generally crystallised later than the olivine, clinopyroxene and leucite. However, the occurrence of core compositions of composition An >90 points to early crystallization in at least the L2h magma. The late crystallization of plagioclase in Vesuvius magmas has been alluded to by Marianelli et al. (1999) , Lima et al. (2003) and Santacroce et al. (2008) . It is uncertain what Blate^means in this context. Marianelli et al. (1999) , for example, refer to plagioclase being present in the assemblage fractionating from 1944 phonotephrites and it is present in the phonotephrites in the cones. Late crystallization of plagioclase would leave unresolved the fact that negative Eu anomalies are a very common feature of basic Vesuvius rocks; for example, sample V44 T3 in Villemant et al. (1993, p.297) , with a Mg# of 71, has a significant negative Eu anomaly (Eu/Eu*=0.77). Such anomalies are commonly ascribed to plagioclase fractionation.
Pressure of crystallization and melt water contents
Experimental evidence from the system Quartz-NephelineKalsilite indicates, for example, that the formation of Nag et al. (2007) . The solid line represents the melt path of an initial bulk composition (X) plotting in the olivine primary phase field. The inferred sequence of appearance of the solid phases (olivine→oliv-ine+clinopyroxene→olivine+clinopyroxene+leucite) is broadly compatible with the phenocryst assemblages from Type 1 rocks of this study. The leucite component was calculated from the relationship KAlSi 3 O 8 = KAlSi 2 O 6 +SiO 2 . Also shown are the compositions of the initial rock and the experimental glasses from a Vesuvius trachybasalt (sample VS96-5A) determined by Pichavant et al. (2014) . More evolved compositions, as measured by decreasing Mg#, trend through the olivine primary phase field, directly away from the diopside apex b Phase relationships in the same system at 2.3 GPa pressure under water-saturated conditions (Nag et al. 2007 ). Ks, kalisilite; Kf, potassic feldspar. The crystallizing assemblages and melt path of the same initial bulk composition as in (a) are partly comparable to that of the phlogopite-phyric rocks (see text for details) and are at least consistent with those magmas having evolved at rather higher pressures phenocrystic leucite in the Vesuvius rocks took place at pressures below 0.1 GPa (Fudali 1963; Hamilton and MacKenzie 1965; Zeng and MacKenzie 1984; Gupta et al. 2010) . Since the phonotephrites crystallized early olivine and clinopyroxene, pointing to a smaller stability field for leucite at higher temperatures, the magmas may actually have crystallized at pressures of no more than a few tens of MPa, as suggested by Henderson et al. (2012) for phonotephrites (mafic phonolites) of the Highwood Mountains, Montana. The experimental results of Nag et al. (2007) and Pichavant et al. (2014) also indicate that leucite is stable only at low pressures.
In their high P-T experiments on Vesuvius rocks, Pichavant et al. (2014) found that the experimental clinopyroxenes formed two groups. In fluid-present (lower melt water content) and 0.1 MPa charges, Wo decreases with increasing Al 2 O 3 (Fig. 14) , whereas in the fluid-absent (higher melt water content) charges Wo increases along with increasing Al 2 O 3 (Fig. 14) . They suggested that natural Vesuvius clinopyroxenes follow the H 2 O-rich trend. The clinopyroxenes in the parasitic and eccentric cones also follow the H 2 O-rich (>2 wt.%) trend (Fig. 14) . There is also a slight difference between the plotted positions on the phlogopite-phyric and phlogopite-aphyric rocks, the latter plotting to higher Wo values for a given Al 2 O 3 content. This is consistent with their having slightly higher melt water contents; in the Pichavant et al. (2014) experiments, phlogopite became the third phase, replacing leucite, at 1050°C and melt water content of 5.1-6.0 wt.%.
Role of magma mixing
The clinopyroxene phenocrysts show many disequilibrium growth features, including the presence of magnesian cores (Mg# >90) surrounded by variously zoned (oscillatory, sector, concentric) mantle of more Fe-rich compositions. Many phenocrysts contain abundant, irregularly shaped melt and matrix inclusions. Such disequilibrium textures have been interpreted at Vesuvius as being the result of magma mixing (Cioni et al. 1998; Landi et al. 1999; Marianelli et al. 1999; Fulignati et al. 2004 ). The mixing is more difficult to discern in the wholerock compositions, in that it has tended to occur between magmas along one, or similar, liquid lines of descent.
In summary, it is often difficult to describe in detail the evolution of Vesuvius magmas. Geochemical trends are obscured by the multi-lineage nature of the parental magmas, by selective crystal accumulation or removal and by magma mixing. Experimental studies have had only partial success (2014) determined that clinopyroxenes crystallized in their fluid-absent, water-rich (>2 wt.% H 2 O) experiments followed a positive trend on this plot, whereas clinopyroxenes from fluid-present, water-poor (<2 wt.% H 2 O) experiments showed a negative correlation. Natural Vesuvius clinopyroxenes follow a positive trend. Samples from the eccentric and parasitic cones also follow this trend. Clinopyroxenes from phlogopitephyric rocks (VX and L2h) generally plot at higher Wo contents (for a given Al 2 O 3 content) than rocks lacking phlogopite phenocrysts, consistent with their magmas having had higher melt water contents. Data from Supplementary in reproducing the complex textural relationships and, in particular, the sequence of phenocryst assemblages, which are commonly disequilibrium assemblages. An added complication is that the Vesuvius plumbing system is a dynamic crystallization environment, with varying fO 2 , P and pH 2 O. Comparing eruptive products belonging to different, even closely spaced, episodes is not easy. The role of pressure in allowing magmas to cross phase boundaries has not yet been fully explored experimentally. Nevertheless, all available geochemical and phase equilibrium data indicate that the evolution of any given eruptive sequence is dominated by massive clinopyroxene fractionation.
The Somma-Vesuvius plumbing system
There has been some uncertainty about the nature of the magmatic plumbing system of Somma-Vesuvius. The view established in the early 1980s that a shallow-level magma chamber (~3-6 km depth) existed beneath the volcano (Barberi and Leoni 1980; Barberi et al. 1981 ) was challenged by Belkin et al. (1985) and , who showed, from the study of fluid inclusions in clinopyroxene, olivine and spinel from a nodule suite, that the crystallization depths of minerals hosting CO 2 -bearing inclusions occurred at depths of 3.5-10 km and >12 km. No evidence was found for a shallow trapping depth. The recognition of deeper magma chambers was subsequently confirmed by seismic tomographic studies, which identified a horizontal, regionally extensive lowvelocity layer whose top lies at 8 km beneath the volcano (Zollo et al. 1998; Auger et al. 2001) . Seismic (Auger et al. 2001 ) and magnetotelluric (Di Maio et al. 1998 ) evidence was interpreted as pointing to a large magma reservoir at depths of~8-10 km. Recent models of the plumbing system largely favour the presence of deep and shallow reservoirs, the system covering the depth range ≥20 to 2 km (Santacroce et al. 1993; Marianelli et al. 1995 Marianelli et al. , 1999 Marianelli et al. , 2005 Cioni et al. 1998; De Natale et al. 2001; Lima et al. 2003; Civetta et al. 2004; Fulignati et al. 2004; Di Renzo et al. 2007 ). The detailed structure of the plumbing system is debatable: for example, Lima et al. (2003) viewed it as a complex feeding chamber dominated by a multiple mush zone of small chambers. On the basis of experimental phase equilibria, Scaillet et al. (2008) proposed that the ponding level feeding eruptive activity has migrated upwards in the last 18.5 kyr by 9-11 km and is currently at a depth of 3-4 km. In the deeper reservoirs, primary tephritic magmas evolve by fractional crystallization to phonotephrites, which then ascend to shallow reservoirs where they mix with the resident magma and/or undergo further fractionation, producing more evolved magma types.
The presence of leucite phenocrysts in the rocks of the parasitic and eccentric cones indicates that the magmas crystallized at shallow pressures, perhaps as low as a few tens of MPa. It is highly likely that they were emplaced from a very shallow part of the plumbing system and thus were emplaced essentially laterally. According to Acocella et al. (2006) , the nature of the emplacement of dykes at Vesuvius between 1631 and 1944 was dependent on the opening or closure of the summit conduit. When the conduit was closed, the dykes propagated vertically and related fissures propagated upslope. This probably occurred mainly around the central cone, above the reservoir. When the conduit was open, the dykes radiated from the summit and the fissures propagated downslope; during these stages, no vent opened beyond 5 km from the summit. The eccentric cones occur at distances of 5-8 km from the summit. Accordingly, we have drawn them in Fig. 15 as propagating laterally from a shallow reservoir.
